Strain Hxd3, an alkane-degrading sulfate reducer previously isolated and described by Aeckersberg et al. (F. Aeckersberg, F. Bak, and F. Widdel, Arch. Microbiol. 156:5-14, 1991), was studied for its alkane degradation mechanism by using deuterium and 13 C-labeled compounds. Deuterated fatty acids with even numbers of C atoms (C-even) and 13 C-labeled fatty acids with odd numbers of C atoms (C-odd) were recovered from cultures of Hxd3 grown on perdeuterated pentadecane and [1,2-13 C 2 ]hexadecane, respectively, underscoring evidence that C-odd alkanes are transformed to C-even fatty acids and vice versa. When Hxd3 was grown on unlabeled hexadecane in the presence of [ 13 C]bicarbonate, the resulting 15:0 fatty acid, which was one carbon shorter than the alkane, incorporated a 13 C label to form its carboxyl group. The same results were observed when tetradecane, pentadecane, and perdeuterated pentadecane were used as the substrates. These observations indicate that the initial attack of alkanes includes both carboxylation with inorganic bicarbonate and the removal of two carbon atoms from the alkane chain terminus, resulting in a fatty acid one carbon shorter than the original alkane. The removal of two terminal carbon atoms is further evidenced by the observation that the [1,2-13 C 2 ]hexadecane-derived fatty acids contained either two 13 C labels located exclusively at their acyl chain termini or none at all. Furthermore, when perdeuterated pentadecane was used as the substrate, the 14:0 and 16:0 fatty acids formed both carried the same numbers of deuterium labels, while the latter was not deuterated at its carboxyl end. These observations provide further evidence that the 14:0 fatty acid was initially formed from perdeuterated pentadecane, while the 16:0 fatty acid was produced after chain elongation of the former fatty acid with nondeuterated carbon atoms. We propose that strain Hxd3 anaerobically transforms an alkane to a fatty acid through a mechanism which includes subterminal carboxylation at the C-3 position of the alkane and elimination of the two adjacent terminal carbon atoms.
Alkanes are commonly found in petroleum-contaminated environments, and the biodegradation of these compounds under aerobic conditions has been well studied (6, 42, 43) . On the other hand, while the occurrence of anaerobic alkane biodegradation has been reported (7, 9, 10, 13, 26, 34, 35, 45, 47) , still little is known about the diversity of the responsible organisms and the degradation mechanisms. Aeckersberg et al. reported on the first well-described alkane-degrading, sulfatereducing bacterium, strain Hxd3 (DSM 6200; German Collection of Microorganisms and Cell Cultures), from an oil production plant (1, 2) . This strain is able to grow anaerobically on C 12 to C 20 alkanes and completely oxidize them to carbon dioxide by coupling to sulfate reduction (1, 2) . The phenotypic and phylogenetic characteristics of the bacterium indicate that it belongs to the proposed family Desulfobacteriaceae and is closely related to the genus Desulfococcus (1, 3) . Recently, So and Young also isolated and characterized a phylogenetically different sulfate reducer, strain AK-01, which can completely oxidize alkanes to CO 2 under anaerobic conditions (37, 38) . Additionally, three denitrifying alkane degraders were described, but their phylogeny is unclear (14) . These organisms were designated HxN1, OcN1, and HdN1. They utilize alkanes with chain lengths from C 6 to C 8 , C 8 to C 12 , and C 14 to C 20 , respectively.
The mechanism of alkane degradation by Hxd3 was examined by Aeckersberg et al., who reported that the chain lengths of alkane substrates had a pronounced effect on the total cellular fatty acid composition of the bacterium. An alkane with an odd number of C atoms (C-odd) yielded predominantly fatty acids with an even number of C atoms (C-even), and a C-even alkane yielded C-odd fatty acids (3) . These observations suggested that an alkane was altered by an oddnumbered carbon(s) during its transformation to fatty acids (3) . In contrast, strain AK-01 forms C-even fatty acids when grown on C-even alkanes and vice versa (38) . Additional evidence reported by Aeckersberg et al. (1, 3) indicated that 1-alkene was unlikely to be an intermediate, as suggested by earlier literature (8, 29) .
In previous investigations, stable isotope-labeled hydrocarbon substrates were used to help delineate the pathways of anaerobic degradation by both pure and mixed cultures. They proved to be useful tools for examining the initial mechanisms of attack on compounds such as benzene, naphthalene, and phenanthrene and alkane degradation by strain AK-01 (30, 38, 39, 48, 49) . In this report, we present the results of an investigation of the initial reactions of alkane degradation by strain Hxd3. By using deuterated and 13 C-labeled alkanes, we provide direct evidence that alkanes are oxidized to fatty acids by the bacterium. In addition, based on a detailed mass spectral analysis of the isotope-labeled fatty acids derived from the labeled alkanes, a proposed mechanism for the initial attack on alkanes is described. 3 , Na 2 S ⅐ 9H 2 O, and the vitamin solution) were added to deionized water and then deoxygenated by bubbling with a stream of N 2 -CO 2 gas (70:30) for 1 h. The medium was dispensed into serum bottles, which were then crimp sealed with butyl rubber stoppers and autoclaved. A filtersterilized solution containing 1 M NaHCO 3 , 18 mM Na 2 S ⅐ 9H 2 O, and 325 mM NaOH was added to the autoclaved medium (3% [vol/vol] ). The vitamin solution was also filter sterilized and added to the medium (0.1% [vol/vol] ). The final pH of the complete medium was 7.2. All cultures were incubated in the dark without shaking.
MATERIALS AND METHODS

Source
Effects of alkanes on cellular fatty acid compositions. Each bottle of the mineral salt medium (100 ml) was amended with 20 l of filter-sterilized pentadecane or hexadecane (99% purity) and inoculated with a culture of strain Hxd3 that had been maintained on the corresponding alkane substrate (20% [vol/vol] ). For each substrate, two experimental cultures and one sterile control were set up. After incubation for 48 to 80 days, cultures were used for extraction and analysis of total cellular fatty acids.
Metabolism of aliphatic compounds in [ 13 C]bicarbonate. The mineral salt medium was prepared as described previously, except that N 2 gas was used for degassing the medium and sodium [
13 C]bicarbonate (isotopic enrichment, 99%; Cambridge Isotope Laboratories, Inc., Andover, Ma.) was used instead of unlabeled sodium bicarbonate. The medium (40 ml per bottle) was amended with one of the following substrates: unlabeled tetradecane, pentadecane, or hexadecane, 20 l; perdeuterated pentadecane, 20 l; pentadecanoate or hexadecanoate, 0.5 mM; and 2-hexadecanone, 10 mg. Each bottle of complete medium was inoculated with a culture of Hxd3 that had been pregrown on stearate (0.5% [vol/vol]), and two experimental cultures were established with each substrate. Cultures were incubated for the following times, depending on the substrates used: unlabeled alkanes, 60 to 92 days; perdeuterated pentadecane, 97 days; fatty acids, 14 days; and 2-hexadecanone, 28 days. Whole cultures were then used for extraction and analysis of total cellular fatty acids.
Metabolism of [1,2-13 C 2 ]hexadecane. The mineral salt medium was amended with filter-sterilized [1,2-13 C 2 ]hexadecane (20 l per 100 ml of medium; isotopic enrichment, 99%; Isotec Inc., Miamisburg, Ohio) and inoculated with a culture of Hxd3 that had been pregrown on stearate (5% [vol/vol] ). Two experimental cultures and one sterile control were prepared. The sterile control was identical to the experimental cultures except that the inoculum was autoclaved before addition. All cultures were incubated for 63 days and then used for extraction and analysis of total cellular fatty acids.
Metabolism of perdeuterated pentadecane. The mineral salt medium was amended with filter-sterilized perdeuterated pentadecane (20 l per 50 ml of medium; isotopic enrichment, 98%; Cambridge Isotope Laboratories) and inoculated with a culture of Hxd3 that had been pregrown on stearate (1% [vol/vol] ). Two experimental cultures and one sterile control were prepared. The sterile control was identical to the experimental cultures except that the inoculum was autoclaved before addition. All cultures were incubated for 103 days and then used for extraction and analysis of total cellular fatty acids.
Extraction and analysis of total cellular fatty acids. The extraction of total cellular fatty acids was carried out by a method recommended for The Sherlock Microbial Identification System (MIDI, Inc., Newark, Del.). The method involves filtration of cells, saponification of cellular lipids in a hot NaOH-methanol solution, methylation of fatty acids with hot HCl-methanol, and extraction with hexane-methyl-tert-butyl ether. The methylated fatty acids were analyzed by using a gas chromatograph coupled to a flame ionization detector (model 5890 series II; Hewlett-Packard, Wilmington, Del.) to determine the fatty acid compositions of cells under different growth conditions. A mass spectrum detector (5971 series; Hewlett-Packard) was used to further identify individual fatty acids. These methods were described in detail in an earlier report (38) . The various monomethylated and stable isotope-labeled fatty acids were identified by interpretation of their mass spectra based on studies reported in the literature (16, 25, 27, 28, 36) , as authentic standards are not available. Locations of deuterium atoms or 13 C atoms on the stable isotope-labeled fatty acids were determined by detailed analysis of the related mass spectra based on information from the literature in which fragmentation mechanisms of fatty acid methyl esters are reported (11, 25) . The fatty acids in each sample were generally quantified as a percentage of the total recovered fatty acids based on the peak area of each fatty acid appearing in the total ion chromatogram. Preliminary studies of a standard mixture of fatty acid methyl esters showed that they all have similar response ratios based on the total mass of each compound.
Nomenclature of fatty acids. The nomenclature of fatty acids recommended by the International Union of Pure and Applied Chemistry-International Union of Biochemistry (20) was adopted in this report. An n-saturated hexadecanoic acid is designated 16:0, with the first number representing the number of carbon atoms on the acyl group and the second number representing the number of double bonds present. A branched fatty acid, such as 10-methylhexadecanoic acid, is designated 10-Me-16:0.
RESULTS
Transformation of alkanes to fatty acids. The cellular fatty acid composition of strain Hxd3 is clearly affected by the chain lengths of the alkane substrates. Figure 1 shows the fatty acid profiles of Hxd3 grown on pentadecane and hexadecane, as determined by gas chromatography with a flame ionization detector. When pentadecane is used as a growth substrate, the 14:0 and 16:0 fatty acids (both C-even) are dominant, while C-odd ones are virtually absent. In contrast, when hexadecane is used, C-odd, n-saturated fatty acids (13:0, 15:0, and 17:0) predominate over C-even ones.
The detailed compositions and relative abundance of the total cellular fatty acids of Hxd3 grown on the two alkanes were determined further by gas chromatography-mass spectrometry. As summarized in Fig. 2a and c, pentadecane (Codd) yields predominantly C-even fatty acids (94.7% of the total), while hexadecane (C-even) produces mostly C-odd fatty acids (79.3% of the total).
By using stable isotope-labeled alkanes and analyzing the fatty acids recovered from cultures of Hxd3, we are able to directly demonstrate that C-odd and C-even alkanes are indeed transformed to C-even and C-odd fatty acids, respectively. As shown in (Fig. 2d) . None of these labeled fatty acids is found in the sterile controls. The relationship between the carbon numbers of the alkane substrates and the cellular fatty acids indicates that odd-numbered carbon atoms are added or removed from the alkanes during their transformation to fatty acids (3) .
Analysis of alkane-derived fatty acids formed in [ 13 C]bicarbonate-amended media. Hxd3 was grown on unlabeled hexadecane in the presence of [ 13 C]bicarbonate, and the fatty acids recovered were characterized by mass spectrometry. Figure 3 shows the mass spectra of the methyl esters of the 15:0 fatty acid formed in the presence of unlabeled bicarbonate or C-labeled (p) fatty acids, respectively, are depicted. All fatty acids shown are identifiable by gas chromatography-mass spectrometry and comprise more than 1% of the total. None of these fatty acids was found in the sterile controls. 15:0 fatty acid formed in the presence of [ 13 C]bicarbonate, however, has a molecular ion peak shifted up to m/z ϭ 257 (Fig. 3b) , suggesting that one 13 C atom derived from [ 13 C]bicarbonate is incorporated into this fatty acid.
As depicted in Fig. 3a , the ion peak at m/z ϭ 74 for the 15:0 fatty acid formed with unlabeled bicarbonate is due to an ion fragment which includes the C-1 and C-2 positions of the molecule along with the ester-linked methyl group. This ion fragment is formed by a process known as the McLafferty rearrangement, which involves the migration of a hydrogen from C-4 to the carbonyl oxygen and the cleavage of the C-2OC-3 bond (25) . In addition, the ion fragment represented by the peak at m/z ϭ 59 is formed by the cleavage of the C-1OC-2 bond and includes only the carboxyl group (C-1) of the fatty acid (25) .
Further examination of the mass spectra indicates that the carboxyl group (C-1) of the 15:0 fatty acid is an exogenously added carbon derived from inorganic bicarbonate. As shown in Fig. 3b , the appearance of a peak at m/z ϭ 75 indicates the presence of one 13 C atom located within C-1 and C-2 of the molecule. Furthermore, the appearance of a peak at m/z ϭ 60 indicates that the 13 C atom is located at C-1. The results therefore show that the carboxyl group of the alkane-derived 15:0 fatty acid is added exogenously through carboxylation with inorganic bicarbonate.
Carboxylation with inorganic bicarbonate is also observed when other alkanes are used as substrates. Table 1 summarizes the occurrence of 13 C on the cellular fatty acids of Hxd3 grown on various alkanes in the presence of [
13 C]bicarbonate, as determined by mass spectrometry (mass spectra not shown). Upon growth on tetradecane, pentadecane, and hexadecane, the fatty acids which are one carbon shorter than the alkane substrates, namely, 13:0, 14:0, and 15:0, respectively, all contain a 13 C atom located at their carboxyl groups. Furthermore, when the organism is grown on perdeuterated pentadecane with [
13 C]bicarbonate, the deuterated 14:0 fatty acid formed also carries a 13 C atom located at its carboxyl group (data not shown).
It should be noted, however, that the carboxylation reaction observed is not likely to be due to fatty acid metabolism by Hxd3. When Hxd3 is grown on pentadecanoic or hexadecanoic acid with [ 13 C]bicarbonate, none of the recovered fatty acids has 13 C incorporated in its carboxyl group. Hence, the carboxylation reaction is part of the initial attack for transforming alkanes to fatty acids but is not involved in fatty acid metabolism.
Further examination of other fatty acids formed in the presence of [ 13 C]bicarbonate suggests that those with 13 C-labeled carboxyl groups can be further metabolized by chain elongation to become one carbon longer than the parent alkane. As shown in Table 1 , while fatty acids which are one carbon shorter than the original alkane substrates all have a 13 C atom located at C-1 (carboxyl group), those which are one carbon longer than the alkanes contain a 13 C atom located at C-3. Analysis of [1,2-13 C 2 ]hexadecane-derived fatty acids. Mass spectral analysis of the fatty acids derived from [1,2-13 C 2 ]hexadecane provides evidence that the two terminal carbon atoms are removed from the alkane chain during the formation of a fatty acid. Figure 4 shows the mass spectra of the 15:0 fatty acids (as methyl esters) recovered from cultures of Hxd3 grown on unlabeled hexadecane and [1,2-13 C 2 ]hexadecane. While the molecular ion peak for the methyl ester of the unlabeled 15:0 fatty acid appears at m/z ϭ 256 (Fig. 4a) , that for the 15:0 fatty acid recovered from the [1,2-13 C 2 ]hexadecane-grown culture appears as a doublet at m/z ϭ 256 and m/z ϭ 258 with comparable intensities (Fig. 4b) . The results indicate that the 15:0 fatty acid derived from the labeled hexadecane occurs as two equally abundant "isotopmers" (chemical compounds having the same formula and structure but containing different isotopes). Isotopmer A contains two 13 C labels (m/z ϭ 258), while isotopmer B contains none at all (m/z ϭ 256).
Further examination of the mass spectral data shows that the two 13 C labels are located at the alkyl chain terminus of the labeled isotopmer. As shown in Fig. 4a , the ion fragment at m/z ϭ 143 includes C-1 to C-7 of the unlabeled 15:0 fatty acid (11, 24) . The corresponding ion peak for the 15:0 fatty acid derived from [1,2-13 C 2 ]hexadecane remains at m/z ϭ 143 (Fig. 4b) , indicating the absence of a 13 C label on C-1 to C-7 of either isotopmer A or isotopmer B. Since isotopmer A has two 13 C labels (m/z ϭ 258), those 13 C labels are therefore located not at C-1 to C-7 but most likely at C-14 and C-15, their original locations on [1,2-13 C 2 ]hexadecane. These observations suggest that (i) two terminal carbon atoms have been removed from [1,2-13 C 2 ]hexadecane and (ii) that this event can occur with equal likelihoods at both labeled and unlabeled termini. As a result, an initial attack at the unlabeled end of the hexadecane would produce a fatty acid isotopmer with the two 13 C labels retained at its alkyl chain terminus, while an attack at the labeled end would produce an isotopmer with both labels eliminated.
In addition, the 13 C-labeled 15:0 fatty acid is sometimes elongated to form a 17:0 fatty acid. 13 C labels most likely located at the alkyl chain terminus (C-16 and C-17), while the other isotopmer contains none at all. As demonstrated earlier by examination of the fatty acids formed from [ 13 C]bicarbonate, these observations indicate that the 13 C-labeled 17:0 fatty acid is derived from the 15:0 fatty acid by chain elongation.
Analysis of perdeuterated pentadecane-derived fatty acids. An examination of the deuterated fatty acids derived from perdeuterated pentadecane further supports the notion that an alkane is initially transformed to a fatty acid which is one carbon shorter but which subsequently can be elongated. Table  3 summarizes the structural characteristics of the deuterated fatty acids recovered from cultures of Hxd3 grown on perdeuterated pentadecane. Mass spectral analysis of the 14:0 fatty acid shows that it contains a total of 25 deuterium atoms, together with 1 hydrogen atom located at C-2 and another one within C-3 to C-5 of the molecule (exact positions uncertain). (The 14:0 fatty acid would carry 27 deuterium atoms if fully deuterated, i.e., C 13 D 27 COOCH 3 .) The loss of two deuterium atoms near its carboxyl end may be caused by isotope exchange during the initial attack of the alkane. On the other hand, the 16:0 fatty acid also carries a total of 25 deuterium atoms, yet with 2 hydrogen atoms located at C-2 and 4 more within C-3 to C-6 (Table 3 ). (The 16:0 fatty acid would carry 31 deuterium atoms if fully deuterated, i.e., C 15 D 31 COOCH 3 .). The observations that (i) the deuterated 14:0 and 16:0 fatty acids contain identical numbers of deuterium atoms and that (ii) the 16:0 fatty acid has six hydrogen atoms located at its carboxyl terminus suggest that the 16:0 fatty acid is formed by chain elongation of the deuterated 14:0 fatty acid with two nondeuterated carbon atoms derived from elsewhere (33) .
Examination of the deuterated 10-methylated fatty acids indicates that they are formed by further metabolism of the existing n-saturated fatty acids. As shown in Table 3 , the deuterated 10-Me-14:0 and 10-Me-16:0 fatty acids contain the same numbers of hydrogen atoms at their carboxyl termini as the nonmethylated 14:0 and 16:0 fatty acids, respectively. This finding suggests that the two 10-methylated fatty acids are derived from the corresponding n-saturated ones. Also, the methyl groups of the two 10-methylated fatty acids are not deuterated, indicating that they are exogenously added to the acyl chains. 
Degradation of 2-hexadecanone in [
13 C]bicarbonate-amended media. In order to determine whether 2-ketone is an intermediate formed before carboxylation takes place, Hxd3 was grown on 2-hexadecanone in the presence of [ 13 C]bicarbonate, and the cellular fatty acids recovered from the cultures were characterized by mass spectrometry. Unlike hexadecane (Fig.  2c) , 2-hexadecanone yields C-odd and C-even cellular fatty acids of comparable abundances (data not shown). In addition, the mass spectra of the 15:0 fatty acids recovered from cultures grown on the ketone with or without [ 13 C]bicarbonate appear the same, indicating that no 13 C is incorporated into the fatty acid. 2-Hexadecanone therefore is unlikely to be an intermediate formed before the carboxylation step during the initial attack of hexadecane.
DISCUSSION
Aeckersberg et al. first reported in 1991 the isolation of strain Hxd3, an alkane-degrading, sulfate-reducing bacterium, and demonstrated quantitatively its ability to oxidize alkanes to carbon dioxide by coupling to sulfate reduction (2). The phenotypic and phylogenetic characteristics of the strain were also described in detail in later studies (1, 3) . Upon further investigations into the metabolism of alkanes by Hxd3, Aeckersberg et al. observed a clear impact of the chain lengths of the alkane substrates on the cellular fatty acid composition of the bacterium (3). This observation suggests that the strain anaerobically oxidizes alkanes to fatty acids and that it incorporates them into cellular lipids, a metabolic process observed in many aerobic alkane-degrading organisms (5, 12, 17, 21) . The relationship between the carbon numbers of alkane substrates and predominant cellular fatty acids, however, was unusual; namely, a C-odd alkane yielded predominantly C-even fatty acids, and a C-even alkane yielded C-odd fatty acids. It was thus suggested that the initial attack of alkane by Hxd3 involves a novel mechanism in which an odd-numbered carbon(s) is added to or removed from the alkane chain (3) .
In this study, we directly confirmed that alkanes are oxidized to fatty acids by strain Hxd3 on the basis of the recovery of 13 C-labeled and deuterated fatty acids from cultures grown on the respective labeled alkanes (Fig. 2) . Moreover, all deuterated fatty acids derived from perdeuterated pentadecane are C-even, while all 13 C-labeled fatty acids derived from [1,2-13 C 2 ]hexadecane are C-odd. It is thus established that C-odd and C-even alkanes are indeed transformed to C-even and C-odd fatty acids, respectively, by Hxd3.
As a result of a detailed mass spectral examination of the stable isotope-labeled fatty acids, we conclude that an alkane is first transformed to a fatty acid which is one carbon shorter by the addition of an exogenous carbon atom to and by the removal of two terminal carbon atoms from the alkane chain. As summarized in Fig. 5 , we propose that the initial attack of an alkane (A) involves subterminal carboxylation at the C-3 position of the alkyl chain (step I), thus forming intermediate B (hypothetical). The adjacent carbon atoms located at C-1 and C-2 on intermediate B are then removed (step II) to yield a fatty acid (C). This fatty acid (C) therefore contains a carboxyl group exogenously added by the carboxylation reaction, yet it is one carbon shorter than the parent alkane. The initially formed fatty acid (C) can be ␤-oxidized (step III) and subsequently mineralized to CO 2 . Alternatively, this fatty acid can undergo transformations such as chain elongation and C-10 methylation (step IV) to form other fatty acids (33) .
The notion that carboxylation (Fig. 5, step I) is part of the initial attack of the alkane is supported by the following evi- Fig. 3b and Table 1 ). Second, the presence of a bicarbonate-derived 13 C atom in the carboxyl group of the deuterated 14:0 fatty acid derived from perdeuterated pentadecane further supports the notion that carboxylation occurs during the transformation of alkane to fatty acid. Third, such a carboxylation reaction is not observed in the cellular fatty acids of Hxd3 when it is grown on long-chain fatty acids. Thus, the reaction does not occur when fatty acids are metabolized but is one of the initial reactions in alkane transformation.
Furthermore, the carboxylation reaction (Fig. 5, step I ) appears to occur subterminally at C-3 of the alkane carbon chain and is followed by the removal of the two adjacent terminal carbon atoms (step II) to form a fatty acid (C). As shown in Table 1 , the fatty acids that have incorporated an exogenous 13 C atom in their carboxyl groups are all one carbon shorter than the parent alkanes. Hence, the simplest explanation for the phenomenon is that these alkanes are carboxylated at the C-3 position, and then the two adjacent carbon atoms at the C-1 and C-2 positions are eliminated. The fatty acids subsequently formed therefore contain a 13 C-labeled carboxyl group added by carboxylation, yet they are all one carbon shorter than the original alkanes.
The removal of two carbon atoms from the parent alkane (Fig. 5, step II) is further supported by the characteristics of the 13 C-labeled fatty acids derived from [1,2-13 C 2 ]hexadecane. As shown in Table 2 , the two isotopmers of the 15:0 fatty acid derived from [1,2-13 C 2 ]hexadecane contain either two 13 C labels at the alkyl chain terminus or none at all, but not at the carboxyl end. The results suggest that at least two carbon atoms are removed with equal likelihoods from the labeled and unlabeled termini of [1,2-13 C 2 ]hexadecane during its metabolism.
As illustrated in Fig. 5 , once the first fatty acid (C) is formed, it can be ␤-oxidized and subsequently mineralized to CO 2 . These events are demonstrated by the stoichiometry studies reported by Aeckersberg et al. (1, 2) . Alternatively, this fatty acid can be further transformed by chain elongation and C-10 methylation (step IV), as evidenced by the following observations. First, the presence of a 13 C atom at the C-3 position of the fatty acids which are one carbon longer than their parent alkanes (Table 1) suggests that they are formed after twocarbon elongation of fatty acids with 13 C-labeled carboxyl groups. Second, both deuterated 16:0 and 14:0 fatty acids derived from perdeuterated pentadecane carry the same numbers of deuterium labels, while the former fatty acid contains six hydrogen labels at its carboxyl terminus ( Table 3 ), suggesting that it is derived from the latter fatty acid by chain elongation with nondeuterated carbon atoms. Third, as shown in Table 3 , the deuterated, 10-methylated fatty acids and the corresponding n-saturated ones contain identical numbers of hydrogen atoms at their carboxyl termini, suggesting that the former are derived from the latter by the addition of a nondeuterated methyl group at C-10. (10-Methylated fatty acids can also be found in some groups of sulfate-reducing bacteria incapable of alkane degradation [41] .) Strain Hxd3 attacks alkanes by carboxylation, apparently at the C-3 position. The COH bonds on this subterminal, secondary carbon are weaker than those on a terminal, primary carbon and thus can be more easily broken. (For example, the COH bond dissociation energies for C-1 and C-2 of propane are 94.5 and 98 kcal/mol, respectively [15] .) In addition, the selectivity for a subterminal carbon may also be due to the conformational structure at the active site of the carboxylating enzyme, as suggested by studies on monooxygenase systems which attack predominantly the terminal carbon atoms of alkanes (23, 43) .
Although biological systems for the carboxylation of aromatic hydrocarbons (31, 49) and other organic compounds (4, 19, 22, 40) have been documented, the direct addition of a carboxyl group enzymatically to an alkane, a nonpolar, saturated, and chemically inert compound (15), has not yet been reported. A recent study on the anaerobic degradation of 2-hexadecanone by a sulfate-reducing enrichment showed that 2-ketone is transformed to pentadecanoic acid apparently by carboxylation at C-3 and the removal of two terminal carbon atoms at C-1 and C-2, a process very similar to what we observed in the present study (18) . group at C-2 of the ketone may activate the carbon atoms on the alkane to facilitate subterminal carboxylation.) Although the results of our experiment with 2-hexadecanone showed that the compound is not carboxylated to form fatty acids and thus is unlikely to be an intermediate, we do not discount the possibility that the carboxylation reaction is preceded by another initial step(s) which first activate(s) the alkane.
In contrast, studies of strain AK-01, another alkane-degrading, sulfate-reducing bacterium that was isolated from an estuarine sediment (37) , indicate a different mechanism of anaerobic alkane degradation (38; So and Young, Abstr. 98th Gen. Meet. Am. Soc. Microbiol.). The initial attack by strain AK-01 also involves subterminal carbon addition to an alkane. The addition reaction, however, occurs at C-2 instead of C-3 and is not effected by carboxylation. Also, concomitant carbon removal from the alkane chain terminus does not occur (38) . In other anaerobic cultures, the mechanism of alkane activation has been identified as a fumarate addition reaction that is analogous to the toluene degradation pathway. This mechanism has been observed for a sulfate-reducing enrichment culture growing on n-dodecane (24) and for denitrifying strain HxN1 growing on hexane (32). For HxN1, additional studies have determined some of the subsequent reactions of the pathway (46) . Based on earlier observations (38; So and Young, Abstr. 98th Gen. Meet. Am. Soc. Microbiol.), it appears that strain AK-01 utilizes the same fumarate addition mechanism to degrade hexadecane. We have never observed evidence of a fumarate addition product in Hxd3, despite several analyses (data not shown).
In summary, by using stable isotope-labeled compounds, we confirm that alkanes are anaerobically oxidized to fatty acids by strain Hxd3. We demonstrate that C-odd and C-even alkanes are transformed to C-even and C-odd fatty acids, respectively. The initial reactions include subterminal carboxylation of the alkane with the removal of two adjacent terminal carbon atoms. This mechanism of alkane metabolism is distinct from the fumarate addition reaction that has been reported for other anaerobic organisms. These observations indicate that alkanes can be anaerobically degraded through novel and diverse mechanisms that do not require activation by oxygen.
